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Efficiencya b s t r a c t
The efficiency of a hybrid patented consolidant (PAASi) and two commercially available hybrid coatings
(a consolidant named AlSiX and a hydrophobic product namedWS3) properly modified was assessed on a
calcarenite substrate. Test routines based on standard recommendations were first applied to evaluate
the performances of the consolidant and protective treatments, while the investigation of additional
aspects such as penetration depth and interaction with the substrate was achieved by a multi-scale
approach based on classic intrusion methods (mercury intrusion porosimetry) and Drilling Resistance
Measurement System (DRMS), combined with non-invasive imaging techniques (X-ray computed
micro-tomography and neutron radiography) and small angle neutron scattering (SANS). A distinct inter-
action of the products with the pore network of the stone was quantified in the range 0.007–200 mm.
Their effects on capillary water absorption were also visualized with neutron imaging. The suitability
of the products on the selected substrate was discussed, highlighting also how the applied routine can
support conservation material studies. The results indicated that the Al-Si-based product led to unwanted
effects. Alternative application methods and/or curing procedures have to be explored to overtake these
undesirable changes. On the contrary, the polyamidoamine-based product seemed to be more suitable for
S. Raneri et al. / Construction and Building Materials 180 (2018) 412–424 413calcarenite substrates conservation. The performances of the hydrophobic coating, when used in combi-
nation with consolidants, were strictly influenced by the pre-consolidation of the substrate.
 2018 Published by Elsevier Ltd.1. Introduction
One of the main difficulties in conservation field is the choice of
suitable consolidants and protective treatments for stones, able to
preserve masonry, compatible with the stone substrate of interest,
and without any detrimental effect on its aesthetical properties.
Protective products must preserve stones in their state of aging
and prevent further decay. This generally means applying a coating
to the stone surface. Consolidation, on the other hand, aims at sta-
bilizing a friable material, while allowing weathering to take place
at a natural rate as a result of natural processes.
The requirements for consolidant products mainly consist in a
good stability, compatibility with the substrate [1,2], and a suitable
penetration depth. A good consolidant should primarily reduce the
rate of decay of the stone surface and improve its mechanical prop-
erties. In the ideal case, the treated stone should mimic sound
stone in as many characteristics as possible, especially in terms
of porosity, permeability, thermal expansion, water absorption
and desorption, and color.
The main challenges in stone protection are related to the cre-
ation of a barrier against water penetration and the protection of
the stone surface from pollutants and organic/inorganic particles
deposition, while also ensuring the aesthetical compatibility with
the substrate (i.e., color changes within acceptable ranges), the
minimum alteration of the water vapor permeability and the
reversibility of the treatment [3]. In this perspective, hydrophobic
coatings [4], antifouling treatments [5] and self-cleaning
nanoparticle-based protectives [6] are currently on the light of
the research in stone preservation field [7].
Usually, tests based on standard recommendation procedures
are applied to evaluate the efficiency of consolidants or protective
products, mainly aiming at verifying their harmlessness with
respect to the aspect of stones and their physical properties [8].
However, up to now, in spite of the huge literature in the field,
no standard procedures and/or univocal methods for assessing
the efficiency of consolidants and protective products are proposed
[9]. Going beyond the classic approaches, usually using micro-
scopy, micro-drilling, and ultrasound velocity tests [10], imaging
techniques could add relevant information, as demonstrated by
the recent applications in archaeological, geological, and industrial
fields [11,12]. Indeed, neutron and X-ray imaging techniques allow
inspecting and analyzing numerous properties and processes, such
as porosity, water movement, degradation effects, amount and dis-
tribution of degradation products, or penetration depth of protec-
tive and consolidant products [13–19].
In the case of consolidants, penetration depth and bonding to
the substrate are the two main aspects to investigate. Bonding abil-
ity greatly depends on both chemical composition of the product
used (including solvent and concentration) and the stone surface
[10]. Usually, products having a composition similar to that of
the stone are preferred. However, this appears a non-exclusive
requirement, such as in the case of silicate-based networks largely
employed in marble and limestone consolidation [20–22].
When a new product is tested on a new substrate, the first ques-
tion is related to the artificial aging of stones to mimic the weath-
ering of in situ conditions. For limestones, salt weathering is a
major cause of natural degradation. However, since salts are usu-
ally difficult to remove and could influence the consolidation test
results [23], laboratory tests are also performed on unweatheredstones. Another aspect regards the application method [24–26],
where brushing is sometime preferred because it ensures a good
product application and a relatively controlled equilibrium
between penetration and solvent evaporation. Of course, the test-
ing of a new product requires preliminary tests aiming to identify
the most suitable methods and procedures [10,27].
Among the new products synthesized for conservation of cul-
tural heritage materials, hybrid formulations have recently been
proposed for inorganic [28] and organic materials [29,30]. The
term hybrid refers to a product usually developed by sol-gel pro-
cesses [31] and characterized by both the robustness of an inor-
ganic skeleton and the functional properties of an organic
material [32]. With regards to consolidants, the current researches
have mainly explored the potential of TEOS-modified products by
using organic additives with the aim to overtake the limitations
of negative long-term effects of tetraethoxysilane [33–36] and to
improve performances of consolidants, including water repellent
properties [37]. Among hybrid formulations, silicon-based prod-
ucts are becoming more and more popular, due to the good pro-
cessability and the stability of SiAC bonds during the formation
of a silica network, which allows the production of organic-
modified inorganic networks in a single step. Soft-matter chem-
istry applications are also focused on designing hybrid coatings
having mainly the scopes to improve repellency [38,39], perfor-
mances [40] and durability of protective products against aging
[41].
To evaluate the possible use of these new products for cultural
heritage conservation, and better understand how to tune hybrid
formulations toward a better compatibility with highly porous
and calcite-based stone substrates, in this study we tested a hybrid
patented product (PAASi, [42]) and two commercially available
hybrid products (a consolidant named AlSiX and a hydrophobic
product named WS3) on a calcarenite substrate (named Sabucina
Stone). The synthesis of consolidants was designed to overtake
possible limitations of such products. For the PAASi product, the
amine would promote interaction with limestone substrate, while
for the AlSiX product, the organic chains would contribute to limit
shrinkage during curing process. The compositional and physical
properties of the stone selected for consolidation tests, especially
its high porosity, give also the opportunity to inspect the potential
use of the products on highly porous materials, often difficult to
consolidate [24]. To evaluate bonding and penetration ability of
the products, consolidation tests were performed on an unweath-
ered treated substrate, to avoid the difficulties related to the artifi-
cial weathering, such as the presence of salts and no proper
desalinization. Efficiency and suitability of the products were
firstly evaluated by monitoring absorption, desorption, color, resis-
tance to artificial weathering, and pore structure changes. Thus,
non-invasive investigations by using X-ray and neutron sources
were performed to visualize products inside stones and the possi-
ble pore network modification. Finally, additional structural infor-
mation on the employed products was obtained with small angle
neutron scattering (SANS) technique.
Consolidants were applied by immersion to have maximum
penetration depth and fully impregnated specimens. In view of
combining both consolidation and a protective application,
hydrophobic coating was therefore applied by brushing on the
treated specimens. Finally, for structural studies by SANS, samples
were treated by both brushing and immersion, to evaluate the pos-
414 S. Raneri et al. / Construction and Building Materials 180 (2018) 412–424sible influence of the treatment method in small scale structural
changes and penetration in nano-sized pores.2. Materials and methods
2.1. Materials
2.1.1. Natural building stone
A coarse grained calcarenite, named Sabucina stone, employed in Sicilian mon-
uments as building and replace material was selected for this study [43]. The stone
is a biosparite with grainstone/packstone texture, mainly composed by calcium car-
bonate, along with small quantities of dolomite. It exhibits a porosity of 27%, with
a total pore volume of 0.14 cm3 g1 and a modal pore radius of about 8.5 mm. Fur-
ther details on the petrography, mineralogy, chemical composition, petrophysics,
and porosimetry of this lithotype are provided in Barone et al. [44].
For this study, 225 samples were obtained from a unique freshly quarried block
sampled at Sabucina Mountain (Caltanissetta, Sicily), varying in dimension and
shape in accordance with the requirements of the applied methods and recommen-
dations (see Table 1).2.1.2. Hybrid products
Two different hybrid inorganic-organic consolidants were synthesized and
tested on Sabucina stones, namely (i) a polyamidoamine-based product with silox-
ane functionality (PAASi), and (ii) a silicon alkoxide with epoxy functional group
and aluminum oxide (AlSiX). The schematic chemical structure of both products
is shown in Fig. 1.
The hybrid product PAASi is a patented wood protective material [42], modified
for its application on stone substrates. The product was synthesized by the Michael-
type reaction, adding 3-aminopropyltriethoxysilane (APTES) to N-N0methylenebis
acrylamide (MBA). In detail, in a flask placed in a thermostatic bath at 30 C, 5 
102 mol of MBA were dissolved in 190 mL of deionized water and the solution
was stirred for 20 min. After complete solubilization of MBA in water, 5  102
mol of APTES, mixed in 10 mL of ethanol were added. The obtained solution was
vigorously stirred in the thermostatic bath at 40 C for 2 h. A 0.25 M sol was finally
obtained. The inorganic group inside the stone can polymerize in situ by hydrolysis
and condensation reaction, forming a 3-D network.
The hybrid sol AlSiX is based on an Al-O-Si network functionalized with organic
chains and epoxy groups, having the role of reducing the brittleness of the inorganic
structure. The sol was synthesized by sol-gel process starting from a solution of alu-
minum and silicon alkoxides in propan-2-ol. The stoichiometric amount of water
acidified with HCl was added to hydrolyze the precursors. The stirring was pro-
longed until a completely transparent sol was obtained. The sol was then diluted
adding water (alcohol/water volumetric ratio = 1:2). The final concentrations of alu-
minum and silicon were 0.33 M and 0.66 M, respectively.
For the treatment of the studied substrates, cubic samples of Sabucina stone (4
 4  4 cm3) were preliminary washed in distilled water and dried at 60 C to con-
stant mass [45]. Samples were thus plunged into PAASi and AlSiX sols in sealed con-
tainers for 1 h and dried at 60 C to constant mass. Samples were cured 1 month at
room temperature (RT) condition.
The average quantity of applied products was calculated as weight percent gain
(WPG%): WPG% ¼ 100  ½ðMt M0Þ=M0, with M0, the mass of dry sample before
the product application, and Mt, the mass of dry sample after product application.
The calculated quantities were 1.9% ± 0.1 WPG% for AlSiX and 1.4% ± 0.3 WPG%
for PAASi.2.1.3. Hydrophobic coating
A colloidal silica with fluorinated groups named WS3 was tested as coating on
Sabucina stones treated with PAASi and AlSiX, to verify its hydrophobic efficiency
and suitability on treated calcarenite substrates.Table 1
Summary of the number, shape, and dimension of the analyzed samples.
Test or experiment Number of sample Shape
Microscopic analysis 5 Thin section
Colorimetric test 15 (3 per treatment) Cubes
Static contact angle 4 Cubes
Capillary water absorption 15 (3 per treatment) Cubes
Total immersion 75 (15 per treatment) Cubes
Resistance to salt crystallization 75 (15 per treatment) Cubes
DRMS 5 (1 per treatment, 4 holes) Cubes
MIP analysis 9 (3 per treatment) Cubes
X-ray micro-tomography 2 (1 per treatment) Cylinder
Neutron radiography 15 (3 per treatment) Parallelepiped
SANS 5 (1 per treatment) Thin slicesThe treatment was prepared by mixing -O-Si-O-Si(Rf)-O- siloxane chains (with
Rf, the fluorinated groups) and colloidal silica: the fluorinated groups provide the
hydrophobic functions, while the colloidal nanoparticles enhance the water repel-
lency by creating a suitable surface texture. The silica nanoparticles size was about
10 nm, whereas the resulting siloxane aggregates were micrometric in size.
For this study, WS3 was applied by brushing on cubic samples after the appli-
cation of PAASi and AlSiX. The average quantity of product applied was 0.7 ± 0.1 g
m2, calculated as the difference between the weight of dry specimens after and
before the treatment (dry matter).2.2. Characterization methods
2.2.1. Physical and mechanical tests
A protocol based on standard NORMAL and UNI EN tests was applied in order to
verify the compatibility of the studied products and their suitability on calcarenite
substrates. In detail, comparative colorimetric, physical (water absorption, drying
and salt crystallization resistance), and mechanical (microdrilling resistance) tests
were performed on untreated and treated samples.
Firstly, to evaluate the hydrophobic characteristics of the coating, contact angle
measurements were performed on samples after the application of WS3 according
to UNI 11207:2007 [46].
Color difference between treated and untreated samples (DE*) was evaluated
according to UNI EN 15886:2010 [47]. The absorption coefficient by capillarity AC
(g cm2 s0.5) was evaluated according to the UNI EN 15801:2010 recommendation
[48] on three cubic samples for each treatment (with edges of 4 cm) by applying the
following time intervals: 5 min, 10 min, 20 min, 30 min, 60 min, 4 h, 6 h and 24 h,
[. . .], 7 days). Water absorption by total immersion was evaluated following the
NORMAL 7/81 recommendation [49], that allows calculating the imbibition coeffi-
cient CI (%). This test was performed on fifteen samples for each treatment (time
intervals: 5 min, 10 min, 20 min, 30 min, 60 min, 4 h, 6 h and 24 h, [. . .], 72 h).
The drying index DI was determined following the NORMAL 29/88 recommenda-
tion [50]. Saturated samples from the previous NORMAL 7/81 were used for this
test. The resistance to aging by soluble salts was determined according to the
UNI EN 12370:2001 test [51], performed on 15 cubic samples for each treatment
(4  4  4 cm3).
Following the UNI EN 15803:2010 norms [52], the water vapor permeability
tests were performed on treated and untreated stone samples 4  4  1 cm3,
mounted on of PVC containers, partly filled with water; the sealed containers kept
in a climatic chamber (R.H. 25% and T = 25 ± 0.5 C), were weighted every 24 h until
the mass change per unit time were constant (i.e. constant value of vapor flow
through the stone). The effect of the treatments on the water vapor permeability
was quantified by RVP% ¼ muvmtvmuv  100, called reduction of vapor permeability,
with muv = mass of water vapor penetrating untreated stone and =mtv mass of
water vapor penetrating treated stone, measured in the steady state [53].
Microdrilling resistance was determined by drilling resistance measurement
system (DRMS) [54] on consolidated specimens cured several months. For this
study, 3 mm diameter Widia drill bit was used, with a rotation speed of 800 rpm
and a penetration rate of 10 mmmin1. For each treated specimen and for a refer-
ence untreated one, four holes were drilled over 5 mm in depth from the surface.
The average force as a function of depth was reported.2.2.2. Mercury intrusion porosimetry (MIP)
Mercury intrusion porosimetry (MIP) measurements were performed by using a
Thermoquest Pascal system (coupled 240 and 140 units) to explore a pore radii
range from 0.0074 to 116 mm. Average data were assessed on measurements per-
formed on three small specimens similar in dimension and shape (cubes of 1
cm3) sampled at the surface of cubic samples coated with AlSiX and PAASi. Data
were processed by using the SOL.I.D (Solver of Intrusion Data) software.Dimension Product location Standard recommendation
standard Around the sample
4  4  4 cm3 Top of the sample UNI EN 15886:2010
4  4  4 cm3 Top of the sample UNI 11207:2007
4  4  4 cm3 Around the sample UNI EN 15801:2010
4  4  4 cm3 Around the sample NORMAL 7/81
4  4  4 cm3 Around the sample UNI EN 12370:2001
7  7  7 cm3 Around the sample
1 cm3 Top of the sample
7 mm in diameter Top of the sample
2  2  4 cm3 Around the sample
<1 mm thick Around the sample
Fig. 1. Pictorial sketch showing (a) the reaction producing PAASi and (b) the main reactions involved in the sol formation of AlSiX.
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mCT scans were performed at the Centre for X-ray Tomography (UGCT, Ghent
University, Belgium) [55]. Cylindrical samples with a diameter of 7 mm were
scanned before and after the treatment with AlSiX and PAASi at the stone surface.
An overall of 1201 projections were acquired over an angle of 360 with a source-
detector distance of 1165 mm and a source-object distance of 22 mm, resulting in a
voxel size of 7.5 lm. A voltage of 120 kV, a power of 10 W, and a tube current of 83
lA were imposed. Additionally, a beam hardening effect was reduced by using an
Al-filter (1 mm). Only objects with a minimum of 3 voxels were retained in recon-
struction analysis. Because the consolidation products tend to have attenuations for
X-rays similar to those of the minerals of the stone samples, Ag+ ions (from AgNO3)
were added to the studied products as tracer. Before the application on Sabucina
stones, AgNO3 was directly dissolved in the sols by vigorous stirring (molar ratio
PAASi monomer/Ag+ = 2500:1 and Si(AlSiX)/Ag+ = 2500:1). mCT data were recon-
structed with the Octopus Reconstruction software [56], while 3-D visualization
and quantification were obtained by using VGStudio MAX (Volume Graphics) and
Octopus Analysis (former Morpho+) [57], respectively. Only objects of a minimum
of 3 voxels were retained in the analysis.2.2.4. Neutron radiography
Neutron images were acquired on 15 samples (2  2  4 cm3) of the studied
stone with either consolidant or water repellent products, with the aim of (i) visu-
alizing the penetration depth of the selected products after polymerization and (ii)
monitoring the water absorption process by capillarity, to evaluate the possible
modification of the physical properties of the stones. Neutron radiographs were
acquired at the IMAGINE beamline of the Laboratoire Léon Brillouin (LLB, Saclay,
France), using a neutron flux of 2  107 neutrons s1 cm2 (cold neutrons with
wavelength in the range 3–20 Å), a L/D ratio of 400 and a sCMOS camera (Andor)
coupled with a lithium scintillator of 100 mm thickness. This set-up allowed a spa-
tial resolution of about 250 mm.
Dark field and open beam images were firstly acquired for further corrections.
Samples were scanned in an aluminum container and a reference image in dry state
was acquired. To monitor capillary uptake, water was manually added by filling the
container with 3 mm of water. After the addition, scans were acquired every 40 s
until saturation with an exposure time of 40 s. The duration of the whole experi-
ment was about 20 min.
Image analysis was performed by using the ImageJ software [58] on radiographs
corrected and normalized by dark field and open beam images. Water content dis-
tribution was quantified according to Kim et al. [59]. Moreover, the sorptivity
parameter (B) was experimentally determined from the radiographs, according to
Philip [60] .2.2.5. Small angle neutron scattering (SANS)
Small angle neutron scattering measurements were performed on the PAXY
instrument (cold neutron guide G2) at the ORPHEE reactor of the Laboratoire
Léon Brillouin (LLB, Saclay, France). Neutrons were monochromatized by a mechan-
ical selector and collimated by two slits 5 m far apart. Scattered neutrons were col-
lected by a 2-D BF3 detector consisting in 128  128 cells, each of them measuring
5  5 mm2. Two different set-ups were used to explore different Q ranges: for large
Q (from 3.2  102 to 0.28 Å1), the wavelength k = 6 Å and the sample-detector
distance = 1 m, whereas for small Q (from 4  103 to 3.6  102 Å1), k = 8.5 Å
and the sample-detector distance = 5 m.
In order to minimize multiple scattering effects, measurements were performed
on thin sections of treated stone, with thickness < 1 mm. Slices were treated with
AlSiX and PAASi by different application methods, i.e., by brushing and by immer-
sion under vacuum to investigate the possible variation in pore surface-air interface
due to the product deposition. No appreciable neutron activation of the samples
was found after the experiment.The two-dimensional intensity distributions were corrected for the background
and normalized by measuring the incident beam intensity, transmission, and sam-
ple thickness. One-dimensional data were obtained by integrating the normalized
two-dimensional intensities with respect to the azimuthal angle. At large Q, the
constant asymptotic incoherent scattering of the hydrogen atoms present in the
samples was subtracted. The coherent scattering I(Q) is expressed in cm1 and cor-
responds to a differential coherent cross-section per unit volume of the samples.
Starting from the I(Q) distributions, roughness of the pores surface in terms of sur-
face fractal dimension Ds [61], were obtained for untreated and treated samples
according to the following equation:
I Qð Þ / Q 6Dsð Þ3. Results and discussion
3.1. Physical and mechanical tests
3.1.1. Static contact angle
The test confirmed the hydrophobic behavior of the WS3 pro-
duct, with an average measured contact angle of 130 ± 2.
3.1.2. Colorimetric tests
In Table 2, the total color difference DE* between treated and
untreated stone samples, calculated on the basis of the measured
colorimetric parameters a*, b*, and L* are reported (approximated
to the integer).
As reported in the literature [62], a conservative treatment
should not lead to a total color change >5. The AlSiX product clearly
led to strong chromatic changes, especially when used in associa-
tion with the hydrophobic coating. This could be related to the
presence of aluminum bonded with the silica network. Conversely,
the application of PAASi had acceptable chromatic changes, even if
the presence of hydrophobic coating led to higher DE*.
3.1.3. Comparative water absorption-desorption and accelerated aging
test
The average capillary absorption curves assessed on three sam-
ples for each treatment (i.e., untreated, PAASi, PAASi + WS3, AlSiX,
AlSiX + WS3) are shown in Fig. 2a, and the absorption coefficients
AC, evaluated as the slope of the line fitted to the evolution of Qi
as function of t0.5 in the first 30 min are reported in Table 3. The
samples treated with PAASi showed slightly lower capillary
absorption as compared to the untreated stones, with a low
increase of the absorption coefficient in the first 30 min of the test.
In samples treated with AlSiX, the capillary absorption decreased
as compared to the untreated stones, especially during the first
30 min of water absorption. Finally, the presence of the hydropho-
bic coating WS3 led to a reduction of the water absorption by cap-
illarity, with a decrease of AC from 0.03 g cm2 s0.5 to 0.01 g cm2
s0.5. The amount of water absorbed by capillarity at the transition
from the first to the second stage of the capillary absorption curves
Table 2
Average color difference DE* of untreated samples and samples treated with both
consolidants (PAASi and AlSiX) and hydrophobic (WS3) products.
Samples L* a* b* DE* (n = 3)
Untreated 66 5 21
PAASi 63 7 25 5
PAASi + WS3 63 6 24 4
AlSiX 56 8 29 13
AlSiX + WS3 52 12 30 18
Fig. 2. Water absorption by (a) capillarity and (b) total immersion, (c) drying and (d)
consolidants (PAASi and AlSiX) and hydrophobic (WS3) products.
Table 3
Physical properties (±standard deviation) of untreated samples and samples treated wit
absorption coefficient, CI is the imbibition coefficient, DI is the drying index, and DM is th
Samples AC (g cm2 t0.5)1 (n = 3) CI (%)2
Untreated 0.03 ± 0.01 11.5 ± 1
PAASi 0.04 ± 0.01 10.8 ± 0
PAASi + WS3 0.02 ± 0.01 11.1 ± 2
AlSiX 0.02 ± 0.01 10.4 ± 0
AlSiX + WS3 0.01 ± 0.01 10.8 ± 0
1 UNI EN 15801:2010.
2 NORMAL 7/81.
3 NORMAL 29/88.
4 UNI EN 12370:2001.
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accessible to water before and after the treatments [63]. On the
basis of the obtained data, it is possible to estimate the following
effective porosity: 21% in untreated stone, 19% and 14% in
samples treated with PAASi and AlSiX, respectively. A more impor-
tant decrease (up to13%) can be observed for samples coated also
with the hydrophobic product WS3. These results indicate that the
two consolidants reduced the effective porosity of about 2%
(PAASi) and 7% (AlSiX). Of course, in the case of samples treateddurability tests performed on untreated stones (NT) and stones treated with both
h both consolidants (PAASi and AlSiX) and hydrophobic (WS3) products. AC is the
e mass variation after salt crystallization test.






Fig. 3. Reduction of vapor permeability RVP% for different treatments.
S. Raneri et al. / Construction and Building Materials 180 (2018) 412–424 417also with hydrophobic product, the calculated porosity has to be
carefully considered, as its drastic reduction is plausibly attributa-
ble to the coating at the stone surface.
For the total immersion test, the average curves calculated on
15 samples for each treatment are reported in Fig. 2b. The imbibi-
tion coefficient CI after 72 h (Table 3) highlights a slight decrease
(of about 1%) of the water imbibition for samples treated with both
consolidants, whether associated or not with WS3. This indicates
that the total porosity was not strongly modified by the treat-
ments, while more relevant modifications occurred in the pore
structure arrangement, mainly affecting capillary water absorp-Fig. 4. Drilling resistance on Sabucina stones treated with (a) consolidants (AlSiX an
Table 4
Average parameters (±standard deviation) derived from mercury intrusion porosimetry on
Parameters Untreated (n = 3)
Total intruded volume (cm3 g1) 0.14 ± 0.01
Bulk density (g cm3) 1.98 ± 0.05
Apparent density (g cm3) 2.71 ± 0.06
Porosity (%) 26.86 ± 0.94
Total surface area (m2 g1) 1.89 ± 0.20
Average pore radius (mm) 0.14 ± 0.01
Modal pore radius (mm) 8.56 ± 30.9
Median pore radius (mm) 2.25 ± 0.12tion. To summarize, treated samples have a lower absorption of
water by capillarity and total immersion, proving the deposition
of the products in pores and/or pore throats.
The use of both consolidants and hydrophobic treatment also
influenced the drying properties of the studied stone, as suggested
by the increase of the dry index DI for samples treated with consol-
idants and coated or not with WS3 (Fig. 2c and Table 3). The treat-
ments modified the overall drying rate of Sabucina stone, affecting
particularly the second phase of the drying process, which is
strongly governed by vapor diffusion. Indeed, the critical moisture
content was higher for the treated samples, in agreement with the
observed decrease in the capillary coefficient.
The results on the reduction of the vapor permeabilityRVP%,
calculated after a 14 days test are reported in Fig. 3. The stone sam-
ples treated with AlSiX and PAASi consolidants show %RPV values
in the range 4–10%, below the acceptable threshold of 20% [64]. On
the contrary, for the combined use of consolidants and hydropho-
bic treatment, the reduction of vapor permeability is significantly
higher (40–45%); actually, it is not unusual that hydrophobic films
determine strong water permeability reduction when used onto
porous substrates [65].
As regards aging tests (Fig. 2d), PAASi seemed to improve the
resistance to salt crystallization, with a decrease of the mass loss
after 15 cycles (Table 3), from 11.1% (untreated samples) to
6.6%. It is noteworthy that the presence of WS3 slightly increased
the mass loss, from 11.1% to 12.7%. For AlSiX, even if the pro-
duct resulted in lower absorption properties, it was responsible
for a slight decrease of the durability of the studied material: an
increase of the mass loss after 15 cycles was observed ford PAASi) and (b) consolidants in combination with hydrophobic product (WS3).
untreated samples and samples treated with consolidants (AlSiX and PAASi).
PAASi (n = 3) AlSiX (n = 3)
0.14 ± 0.02 0.13 ± 0.01
1.95 ± 0.10 1.98 ± 0.05
2.67 ± 0.06 2.65 ± 0.02
27.07 ± 3.09 25.44 ± 1.75
1.75 ± 0.22 1.17 ± 0.22
0.16 ± 0.04 0.22 ± 0.02
14.22 ± 5.07 12.55 ± 2.50
2.90 ± 1.30 4.21 ± 0.45
Fig. 5. Pore size distributions represented as (a and c) cumulative or (b and d) differential pore volumes, measured on untreated samples (black) and samples treated with (a
and b) AlSiX and (c and d) PAASi consolidants (gray).
Fig. 6. Pore volume as function of (a) the equivalent diameter and (b) maximum opening for AlSiX treatment (step intervals 2 voxels, i.e., 15 mm). (c) 3-D visualization of the
bulk material (gray) and distribution of AlSiX (red). The sample diameter is approximately 7 mm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
418 S. Raneri et al. / Construction and Building Materials 180 (2018) 412–424treatments with AlSiX and AlSiX + WS3. It is possible to assume
that the reduced capillary transport might have caused a faster
shift towards phase 2 in drying at higher moisture content (and
thus lower salt concentrations), so that supersaturation was
reached with a drying front within the stone, leading to an increase
in mass loss.3.1.4. Drilling resistance
Fig. 4 shows the drilling resistance graphs obtained by drilling
resistance measurements on untreated and treated specimens
cured in laboratory during several months.
The curve describing the behavior of the untreated stone (black
line) highlights a natural variation in strength, probably related to
Fig. 7. Pore volume as function of (a) the equivalent diameter and (b) maximum opening for PAASi treatment (step intervals 2 voxels, i.e., 15 mm). (c) 3-D visualization of the
bulk material (gray) and distribution of PAASi (green). The sample diameter is approximately 7 mm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
Fig. 8. Comparison of (a) the equivalent diameter (ED) and (b) maximum opening (MO) classes impregnated with consolidants (AlSiX and PAASi).
Fig. 9. Neutron radiographs of samples treated with consolidant (AlSiX and PAASi)
and water repellent (WS3) products.
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was quite low (about 4–6 N).
The two consolidants promoted both an increase in strength,
well pronounced in the first 1–2 mm. In combination with the
hydrophobic product, the strengthening effect was strictly limited
to the first millimeter. Potentially, this behavior could be ascribed
to the different long-term curing dynamic, i.e., influence of the
hydrophobic layer on moisture transfer during polymerization.3.2. MIP
Table 4 reports pore structure parameters obtained on
untreated samples and samples treated with AlSiX and PAASi. Inagreement with the results of the absorption tests, products did
not greatly modify the total porosity, but mainly affected the pore
structure arrangement of the stone. For AlSiX, a strong shift of the
average pore radius and of the median and modal pore sizes can be
observed, from 0.14 mm to 0.22 mm, from 8.56 mm to 12.55 mm, and
from 2.25 mm to 4.21 mm, respectively. The ranges of these varia-
tions are adequately expressed by the cumulative volume intrusion
and pore size distribution curves (Fig. 5a), suggesting the impreg-
nation of pore >5 mm.
For the PAASi treatment, the small differences in the porosimet-
ric parameters could only be related to the already attested vari-
ability of the stone, even if some variations can be observed in
the cumulative volume intruded and pore size distribution curves
(Fig. 5b).3.3. Μicro-CT
In order to better visualize the distribution of the studied con-
solidants inside the pore space of the stone, scans were performed
on small cylindrical samples before and after the application of the
products. mCT scans were obtained by subtracting measurements
collected on untreated and treated samples. The untreated stone
had a resolved porosity of about 11.7% (with open and closed
porosity values of 10.1% and 1.6%, respectively), and pore distribu-
tion described by equivalent diameter (ED) and maximum opening
(MO) ranging from 7.5 mm to 967.5 mm and from 7.5 mm to 372.5
mm, respectively (see also [66]).
After the application of the AlSiX product, the resolved porosity
of the whole sample decreased by 2%. From an inspection of ED and
MO distributions (Fig. 6a and b), it is possible to conclude that
Fig. 10. Profiles of intensity values of samples treated with (a) AlSiX and (b) PAASi consolidants, and (c) hydrophobic product WS 3at selected time steps during capillary
water uptake. The 0 reference distance is the bottom of the samples.
Table 5
Sorptivity parameter B (±standard deviation) calculated for untreated samples and
samples treated with consolidant (AlSiX and PAASi) and hydrophobic (WS3) products.
Samples Sorptivity parameter B (mm s0.5) (n = 3)
Untreated 0.69 ± 0.01
PAASi 0.59 ± 0.01
PAASi + WS3 0.00 ± 0.00
AlSiX 0.56 ± 0.01
AlSiX + WS3 0.00 ± 0.00
420 S. Raneri et al. / Construction and Building Materials 180 (2018) 412–424AlSiX impregnated pores exhibiting ED values from 7.5 to 500 mm
and pores with MO values between 7.5 and 150 mm. Pores having
ED > 500 mm and MO > 150 mmwere not affected by the treatment.
The 3-D image reconstructions presented in Fig. 5c allow visualiz-
ing the distribution of AlSiX into the pore network of the stone (in
red). Of course, due to the voxel resolution, only pores with ED >
7.5 mm can be considered. Therefore, it is possible that pores with
ED < 7.5 mm also contain consolidant.
Before PAASi application, the resolved porosity of the untreated
samples was about 12.3% (with open and closed porosity values of
10.8% and 1.5%, respectively), and the pore network was character-
ized by pores ranging from 7.5 mm to 1220 mm in ED and from 7.5
mm to 400 mm inMO. A reduction of 0.8% of the resolved porosity of
the whole sample was observed after PAASi application, suggestinga very poor impregnation ability of PAASi. This behavior was con-
firmed by the ED and MO distributions relative to pores filled by
the consolidant (Fig. 7a and b), indicating that only a limited range
of pores (i.e., ED  40–300 mm and MO <70 mm) was involved.
This low impregnation ability is also visible in the 3-D representa-
tion (Fig. 7c).
By comparing the behavior of the two different studied prod-
ucts (Fig. 8), it is possible to conclude that in the case of PAASi,
the product mainly impregnated pores with ED in the range from
50 to 100 mm and MO in the range from 7.5 to 50 mm, whereas in
the case of AlSiX, the product involved larger pore ranges (ED
between 100 and 500 mm, MO between 50 and 150 mm). It indi-
cates a different interaction of the products with the pore network
of the stone, with PAASi penetrating into finer pores than AlSiX.
3.4. Neutron radiography
Neutron radiographs acquired for treated Sabucina stone sam-
ples are shown in Fig. 9. In the sample treated with AlSiX, the
radiograph shows the presence of product inside the sample,
resulting in an increased attenuation of the neutron beam close
to the sample edges. The product may be homogeneously dis-
tributed up to a penetration depth of 2–3 mm, in agreement with
microdrilling results. A lower amount of product may reach 5
mm depth. Such a behavior can also be observed in the case of
the combined use of AlSiX and water repellent WS3.
Fig. 11. Evolution of the water content during capillary water uptake for (a) untreated samples and samples treated with (b) AlSiX and (c) PAASi consolidants, and (d)
hydrophobic product WS3.
Fig. 12. Scattered SANS intensity for untreated sample and samples treated with
consolidants (AlSiX and PAASi) by brushing or by immersion.
Table 6
Calculated fractal dimension from a exponent for untreated sample and samples
treated with consolidants (AlSiX and PAASi) by brushing or by immersion.
Samples C (cm1) a Ds
Untreated 8.5 ± 0.1 3.1545 ± 0.0003 2.8
PAASi by brushing 6.3 ± 0.1 3.2239 ± 0.0004 2.8
AlSiX by brushing 9.7 ± 0.1 3.2396 ± 0.0004 2.8
PAASI by immersion 6.6 ± 0.1 3.5356 ± 0.0006 2.5
AlSiX by immersion 9.1 ± 0.1 3.5935 ± 0.0006 2.4
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solidant is hard to detect in the radiographs, due to a low interac-
tion between the neutron beam and the product. Similar
observations can be made for the combination PAASi + WS3. Nev-
ertheless, information about the penetration depth are available
from drilling resistance, attesting a relevant increase in strength
up to a depth of a few millimeters.
The water repellent product cannot be distinguished, because
its thickness may be too small for a good contrast between
untreated and treated areas. Of course, it has to be taken into
account that the two products consist in chemical components dif-
ferently detectable by neutrons, so that PAASi has credibly a lower
attenuation coefficient than AlSiX.
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through neutron radiography. Radiographs were acquired at 5,
10, 15, and 20 min after the addition of water at the bottom of
the samples, for a reference untreated sample and for samples rep-
resentative of different treatments. The 2-D distribution of water
and the wetting front advancement can be easily visualized. In
Fig. 10, the profiles of intensity values at selected time steps
obtained from the central vertical column of pixels in the normal-
ized transmission images are reported. The wetting front position
was determined as the inflection point of the profile, indicating
the transition between low intensity values (saturation) and higher
intensity values (dry conditions).
The wetting front positions were related to time and the sorp-
tivity parameters (B) were determined by using linear regressions.
The wetting front migrating inside the treated samples was slightly
slowed down by the presence of the products (Table 5), even if dur-
ing the first minutes of contact with water, a faster advancement of
the wetting front position was observed.
In order to quantify the water distribution and to better under-
stand the water absorption process in treated samples, the thick-
ness of water crossed by the neutron beam as a function of time
was estimated. Examples of contour plots of the water content dis-
tribution (WC%) estimated from the neutron radiographs at 5, 10,
15, and 20 min after the addition of water are shown in Fig. 11.
In the case of the AlSiX treatment, WC% was lower than in the
untreated samples (always <2%). Water penetrated preferentially
through areas not impregnated by the consolidant, as can be seen
by the lower WC% close to the lateral edges. On the contrary, for
the PAASi treatment, an increase of the water absorbed was
observed (WC% > 2.5–3%). Finally, the performances of hydropho-
bic treatments (used both alone and in combination with consoli-
dant) are clearly evidenced: the contour plots show that no water
invaded the samples during the first minutes of contact with
water. The layer visible at the bottom of the radiographs has to
be related to the set-up reservoir.
Overall, these results are in agreement with the porosity and
pore network changes evaluated by capillary absorption, even if
the results obtained for the PAASi treatment could appear in con-
tradiction with gravimetric test (i.e., a reduction of the water
absorbed by capillarity of about 2% and an increase of WC%
observed with neutron radiography), However, an accurate inspec-
tion of water capillary absorption curves (Fig. 2) can simply explain
these observations. Indeed, during the first minutes of contact with
water, samples treated with PAASi absorbed more water than
untreated ones, even if a reduction of the total amount of water
was observed at longer time steps.3.5. SANS
The Q dependence of the coherent neutron scattered intensity
of each untreated and treated sample, I(Q), is depicted in Fig. 12.
As it was expected for these samples with a high porosity, I(Q) is
dominated by the high contrast between pores and solid matter.
Because the majority of pores is larger than the inverse of the min-
imum Q value of the experimental window (1/Qmin is of the order
of 25 nm), all the scattered intensity is due to the interfaces
between solid matter and air in the pores.
The linear dependence of log(I(Q)) vs. log Q is consistent with
the fractal formalism that associates roughness to a fractal surface
dimension DS. SANS data were fitted by the addition of a power law
and a constant:
I Qð Þ ¼ C  Qa þ const
with a ranging from 3 to 4. The additive constant is due to the
incoherent scattering essentially of hydrogen atoms present in thesample either through the chemical composition of additives or
because of hydration water.
Within this simple model, a clear cut interface is associated to
the exponent a = 4, and C gives the total area of the interface (Por-
od’s law). The scattering due to a rough surface interface can also
be described by a power law of the same type: a = 6–DS, with 2
< Ds < 3. Obviously, a clear cut surface corresponds to Ds = 2 while
the limit Ds = 3 corresponds to a mathematically defined interface
filling totally the volume.
By analogy, one can associate the roughness to Ds. The larger is
Ds and higher is the roughness of the interface. In the matter in
question, scattering curves collected on both untreated and treated
samples are well described by fractal interfaces. Indeed, a surface
fractal law fits the curves in the whole investigated Q range (Qmin
= 0.0044, Qmax = 0.42) with a slope of the different I(Q) ranging
from 3 to 4, with variations related to the presence of the prod-
ucts on the pore surfaces.
Essentially, two different slopes are clearly observed, corre-
sponding to values of Ds of the order of either 2.4–2.5 or 2.8
(Table 6). Certainly, the first describes smoother interfaces,
whereas the cases where Ds is of the order of 2.8 correspond to a
higher roughness of the interfaces.
Thus, starting from a rough surface described by a fractal
dimension of 2.8 in the untreated stone, the application of the
products by immersion clearly penetrated pores, leading to a
smoothing of the pore surfaces. In contrast, a test with application
of the products by brushing did not lead to relevant changes in the
small pore-air interfaces, and therefore did not greatly affect the
structural features of the substrate. To summarize, SANS data
clearly indicated that taking advantage from their nanosize, the
tested products were able to penetrate also pores with a diameter
of the order of the inverse of the investigated Q range. Products
may occupy the pore surface as a smooth layer of particles. How-
ever, differences in surface roughness were only detected when
products were applied by immersion, suggesting that this method
is preferable because it ensures higher bonding of the product to
the pore surface and the complete penetration of consolidants into
nano-sized pores.
It has to be noticed that the roughness changes at the pore-air
interfaces shown by the Ds variations can also help to explain the
modification of the drying rate due to the presence of products.
In this direction, since nanoparticles were mainly located on pore
surfaces and not inside the pores, they affected the second stage
of the drying rate controlled by vapor diffusion at air-particle
interface.4. Conclusions
In this study, a hybrid patented product constituted by
polyamidoamine with siloxane functionality, named PAASi, and a
hybrid sol based on an Al-Si network functionalized with organic
chains, named AlSiX, were tested as consolidants on a calcarenite
substrate (named Sabucina stone), alone or associated with the
hydrophobic coating WS3 (based on colloidal silica with fluori-
nated groups). This study aimed at evaluating the compatibility
of the studied hybrid products with porous calcareous stones and
highlighting the merits of multi-scale laboratory investigation
procedure.
The results showed that the Al-Si-based product is not advisable
in material conservation of calcarenites because it led to unaccept-
able changes. On the contrary, calcarenite substrates could be trea-
ted with a polyamidoamine-based product, even if it showed a
lower ability to reduce water absorption assuring however accept-
able vapor permeability reduction. Some negative aspects and
unwanted effects, such as chromatic changes or long-term
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native application methods and/or curing procedure. Generally, it
is possible to argue that treatment by immersion is preferable,
because it ensures a complete penetration of consolidants into
nano-sized pores, not obtained by brushing. However, the applica-
tion method could be improved, e.g., by washing the surface, wip-
ing excess product after immersion, testing longer immersion
procedures, and/or different curing time. Finally, as regards the
combined consolidation and protective application, it has to be
carefully evaluated by considering the influence of the hydropho-
bic coating in the kinetics of drying and in supersaturation equilib-
ria when moisture can go through the hydrophobic barrier (e.g.,
after the partial removal of product due to weathering and/or the
possible discontinuous coating on the substrate), as suggested also
by the dramatic reduction of the water vapor permeability. Of
course, additional studies will be welcomed in order to explore
the possible ability of this class of hybrid coatings to preserve dif-
ferent kind of substrates, especially low porous ones, for which
consolidation appears particularly critical.
Going to evaluate the potential of integrating multi-scale meth-
ods in consolidation tests, water absorption, mercury intrusion
porosimetry, and mCT methods offered together an overview on
the changes in pore structure of the studied stone in the range
0.007–200 mm after the application of consolidant products. They
provided consistent results, even if some discrepancies due to
the intrinsic differences among the applied methods have to be
considered [67]. Thus, the applied approach, and especially the
use of imaging and small angle scattering methods allowed to bet-
ter understand interactions between new products and substrates,
supplying quantitative data about pore ranges in which consoli-
dants interact with stone, and adequately supporting the interpre-
tation of material behavior especially against water. In this
direction, the possibility to incorporate standard routines and/or
substitute destructive testing with non-destructive ones seems to
be a valid alterative to evaluate efficiency and monitor behavior
of stones treated with consolidant products.Conflict of interest
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